Hepatic steatosis is highly correlated with insulin resistance and diabetes. Although, it has been demonstrated that activation of free fatty acid receptor 1 (FFAR1) by agonists showed benefits for the improvement of diabetes, the effects of FFAR1 agonists on hepatic steatosis were unknown. In this study, a high fat diet (HFD)-induced hepatic steatosis animal model was utilized to evaluate the effects of an FFAR1 agonist, GW9508, on hepatic lipid accumulation, and HepG2 hepatoma cells were also used to clarify the possible mechanisms. Administration of GW9508 significantly decreased the hepatic lipid accumulation with decreased expressions of lipogenesis-related proteins in HFD mice. Knockdown of hepatic Ffar1 by lentiviral vectors containing short hairpin RNA targeted to Ffar1 diminished the effect of GW9508 in HFD mice. In addition, GW9508 decreased oleic acid-induced lipid accumulation in HepG2 cells by decreases in the expression of lipogenesis-related proteins. Moreover, GW9508 downregulated the expression of sterol regulatory element-binding protein 1 (SREBP1) through a p38-dependent pathway, whereas knockdown of Ffar1 in HepG2 cells diminished the effect of GW9508 on the decrease in SREBP1. Considering all these results together, GW9508 exerts a therapeutic effect to improve hepatic steatosis through a p38-dependent pathway. Thus, investigation of chemicals that act on FFAR1 might be a new strategy for the treatment of hepatic steatosis.
now clear that steatosis can evolve into more severe liver damage including steatohepatitis, fibrosis, cirrhosis, and hepatocellular carcinoma. However, there is still no effective treatment for hepatic steatosis, and life style modification remains the best therapeutic option (Ferre & Foufelle 2010) .
Free fatty acid receptor 1 (FFAR1), also named G-proteincoupled receptor 40, is a seven-transmembrane-domain receptor, which couples with a G-protein a-subunit of the Gq family to perform important functions in various physiological processes (Hara et al. 2011) . It is detected primarily in pancreatic b-cells, and their physiological functions contribute to insulin secretion (Itoh et al. 2003) . Activation of FFAR1 increases phospholipase C (PLC) activity through the Gq protein to facilitate insulin secretion (Feng et al. 2006) . In addition, results from recent studies have indicated that FFAR1 is expressed in liver and regulates hepatic insulin sensitivity (Suh et al. 2008 , Wu et al. 2012 . Activation of FFAR1 decreased blood glucose, reduced plasma insulin and improved glucose intolerance and insulin resistance in high fat diet (HFD)-induced diabetic mice . Assessment of the efficacy and safety of FFAR1 agonists has also been validated in patients with type 2 diabetes (Christiansen et al. 2013 , Kaku et al. 2013 . Although the therapeutic effects of FFAR1 on insulin resistance and diabetes are documented, the role of FFAR1 in hepatic steatosis is still unknown.
In this study, we used HFD-induced hepatic steatosis mice to evaluate the effects of the FFAR1 agonist GW9508 on lipid accumulation in liver. In addition, specific knockdown of hepatic FFAR1 in mice was achieved using lentiviral vectors containing short hairpin RNA (shRNA) targeted to FFAR1, to confirm the role of FFAR1 in GW9508-improved hepatic steatosis. Moreover, HepG2 cells were used to clarify the possible mechanisms of FFAR1-regulated hepatic lipogenesis.
Materials and methods

Materials
Chelethyrine and U73343 were purchased from SigmaAldrich. GW9805 and U73122 were purchased from Tocris Bioscience (Ellisville, MO, USA). Farnesyl thiosalicylic acid (FTS) and the WST-8 proliferation assay kit were purchased from Cayman Chemicals (Ann Arbor, MI, USA). The following primary antibodies were used: sterol regulatory element-binding protein 1 (SREBP1; Novus, Littleton, CO, USA), fatty acid synthase (FAS), and acetyl-CoA carboxylase (ACC) (Epitomics, Burlingame, CA, USA), RAS, phospho-PLC (pPLC), PLC, phospho-protein kinase C (pPKC), PKC, phospho-p38, and p38 (Cell Signaling Technology, Beverly, MA, USA), FFAR1 (Abcam, Cambridge, UK). Peroxisome proliferator-activated receptor alpha and gamma and actin (Sigma-Aldrich) were purchased from commercial companies.
Animals
The animal use protocol was reviewed and approved by Institutional Animal Care and Use Committee in National Cheng Kung University (permit no.101177). The animal experiments were conducted in accordance with the guide for the care and use of laboratory animals of the National Institutes of Health, as well as the guidelines of the Animal Welfare Act. All of the animal experiments were carried out under sodium pentobarbital anesthesia (SigmaAldrich), and all efforts were made to minimize suffering. C57BL/6J male mice were purchased from the animal center of National Cheng Kung University Medical College. Mice were housed in a temperature (25G1 8C) and humidity (60G5%)-controlled room and kept on a 12 h light:12 h darkness cycle (light on at 0600 h). C57BL/6J mice were fed with a HFD containing 34.9% fat (wt/wt) for 12 weeks (58Y1; TestDiet, Richmond, IN, USA) starting from 8 weeks of age. The mice were fed with a HFD diet containing GW9805 at the indicated doses for 30 days at the end of 3 months of HFD.
Specific knockdown of hepatic FFAR1 by lentiviral vectors
Specific knockdown of FFAR1 in the liver was performed using the methods employed in a previous study . Briefly, the lentiviral vectors with shRNA for human FFAR1 were purchased from OriGene Technologies (Rockville, MD, USA). Lentivirus production was performed as described previously (Wang et al. 2010) . In brief, lentiviral vectors were transiently transfected with the packaging plasmid pSPAX2 and the VSV expression plasmid pMD2.G into 293T cells using calcium phosphate precipitation. After 48 h, virus particles were collected from the supernatant and concentrated by ultracentrifugation. The relative infection unit (RIU) of lentivirus was determined using a standard method. In brief, 5!10 3 HepG2 cells were plated into each well of a 96-well plate. A series of diluted viruses were added and incubated for 4 h. After removal of virus-containing media, 100 ml growth media were added and incubated overnight. Then, the media were replaced with 100 ml puromycin (2 mg/ml; Sigma-Aldrich)-containing media.
After 48 h, cell viability was measured by the WST-8 assay. RIU of lentivirus was determined by relative viability: 5!10 8 RIU (100 ml) of letiviral vectors with scramble shRNA and shFFAR1 were used for injection into the portal veins of HFD-fed mice. Administration of GW9508 improved high fat diet (HFD)-induced hepatic steatosis in mice. (A) Eight-week-old C57BL/6 mice were fed with HFD for 3-month to induce hepatic steatosis and then the mice were fed with the HFD diet supplied with different doses of GW9508. Liver samples were harvested after the treatment with GW9508 for 30 days. (B) Levels of expression of hepatic lipogenesis-related proteins in mice treated with GW9508 were determined by western blotting analysis. The quantifications of protein expression were obtained from six to eight animals and expressed as meanGS.E.M. *P!0.05; **P!0.01; and ***P!0.001 as compared with the normal chow group.
Cell culture
# P!0.05; ## P!0.01; and ### P!0.001 as compared with the HFD group. GW100, 100 mg/kg diet GW9508; GW50, 50 mg/kg diet GW9508; GW25, 25 mg/kg diet GW9508; pSREBP, precursor SREBP; mSREBP, mature SREBP.
South Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone) and antibiotics (100 IU/ml penicillin and 100 mg/ml streptomycin) (Caisson Laboratories, Inc., North Logan, UT, USA). The cells were grown in six-well culture dishes at a density of 2!10 5 cells/well.
For the induction of steatosis, the cells were starved in serum-free medium overnight. Oleic acid (OA; SigmaAldrich) was used for the treatment of HepG2 cells after conjugation with the appropriate concentration of BSA (Sigma-Aldrich). The final molar ratio of FFA:BSA was approximately 2:1, which was close to the ratio observed in human serum (Spector 1975) . The control cells were treated with OA-free medium containing 0.5% BSA. Staining of intracellular neutral lipids was carried out using Oil Red O staining (Sigma-Aldrich).
siRNA transfection
HepG2 cells were transfected with duplexed RNA oligonucleotides (Stealth RNAi; Invitrogen) of human FFAR1 or scrambled siRNA (as a negative control) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The cells were treated with GW9805 at 48-h posttransfection. The content of glycogen in cells was determined using a kit and following the manufacturer's protocol (BioVision, Mountain View, CA, USA).
Western blot analysis
The isolated cell fractions were obtained using commercially available kits according to the manufacturer's protocol (BioVision). Protein lysates (30 mg) containing proteinase and phosphotase inhibitors cocktail (SigmaAldrich) of liver tissues or cells were separated using 10% SDS-PAGE and transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). After they had been blocked with 10% milk in TBS-T (10 mM Tris (pH 7.6), 150 mM NaCl, and 0.05% Tween 20), the membranes were incubated with appropriate primary antibodies. After the membranes had been washed with TBS-T, the blots were incubated with a 1/5000 dilution of HRP-conjugated secondary antibodies at 25 8C for 1 h. The relative signal intensity was quantified using ImageJ Software from W. Rasband (National Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/). Knockdown of FFAR1 diminished the effect of GW9508 on hepatic steatosis. Lentiviral vector containing shRNA targeted to FFAR1 or scramble shRNA were delivered to high fat diet-fed mice (HFD) by portal vein injection. After the delivery of the lentiviral vectors for 2 weeks, the efficiency to FFAR1 knockdown was determined using western blotting analysis (A). The transfected chow-fed (B) or HFD mice (C) were then fed
Statistical analyses
Student's two-tailed unpaired t-test or one-way ANOVA followed by Dunnet's post-hoc test were used for comparison of the variables among groups, and the data were expressed as meanGS.E.M. A P value !0.05 was considered as statistically significant.
Results
Administration of GW9508, a FFAR1 agonist, improved HFD-induced hepatic steatosis in mice and knockdown of hepatic FFAR1 diminished the effect of GW9508 on hepatic steatosis
Administration of GW9508 for 30 days in HFD mice decreased hepatic triglyceride contents and improved hepatic steatosis (Fig. 1A) . Levels of expression of hepatic lipogenesis-related protein were increased in HFD mice, whereas administration of GW9508 reversed these effects (Fig. 1B) . To confirm the role of FFAR1 in the GW9508-improved hepatic steatosis, specific hepatic knockdown of FFAR1 in mice was achieved following the portal vein delivery of lentiviral vectors containing shRNA targeted to FFAR1 ( Fig. 2A) . Knockdown of hepatic FFAR1 expression with GW9508 showed no significant effects on hepatic lipid accumulation in chow-fed mice ( Fig. 2C and D) ; however, knockdown of hepatic FFAR1 expression reversed the effect of GW9508 on hepatic steatosis, implying that FFAR1-mediated GW9508-improved hepatic steatosis ( Fig. 2C and D) . The body weight (Fig. 3A) and daily food intake (Fig. 3B ) of each group of the mice showed no significant changes. Consistent with these results, knockdown of hepatic FFAR1 expression also reversed the effect of GW9508 on expression of lipogenesis-related proteins (Fig. 3C ).
Activation of FFAR1 by GW9508 decreased OA-induced lipid accumulation in HepG2 cells
To further investigate the possible mechanisms in the regulation of lipogenesis by FFAR1, an alternative and reliable model for studies of liver lipid metabolism, Knockdown of FFAR1 diminished the effect of GW9508 on expression of hepatic lipogenesis-related proteins without affecting body weight and food intake in animals. The body weight and food intake of each group of mice were also recorded (A and B). Expression of hepatic lipogenesis-related proteins in HFD mice treated with GW9508 were determined using western blotting analysis (C). The data were obtained from six to eight animals and expressed as meanGS.E.M. **P!0.01 as compared with the control group. the HepG2 hepatoma cell line was used (Wang et al. 1988) . GW9508 significantly decreased the OA-induced lipid accumulation in HepG2 cells (Fig. 4A ). In addition, GW9508 significantly decreased the expression of lipogenesis-related proteins (Fig. 4B) . Moreover, OA-induced lipogenesis-related protein expressions were reversed by GW9508 (Fig. 4C) .
Activation of FFAR1 decreased OA-induced lipid accumulation through a p38-dependent pathway
We then investigated the detailed mechanisms of action of FFAR1 in the regulation of lipogenesis-related protein expressions. Activation of FFAR1 by GW9508 activated p38 in a dose- (Fig. 5A ) and time-dependent fashion (Fig. 5B) . The phosphorylation of p38 was increased at 30 min after the treatment and reached a peak at 1 h. FFAR1 knockdown diminished GW9508-induced p38 phosphorylation (Fig. 5C ). In addition, treatment with a p38 inhibitor, SB202190, reversed the effect of GW9508 on the expression of mature SREBP1 (Fig. 5D) . Moreover, the effects of GW9508 on insulin-induced lipogenesis were also evaluated. Insulin significantly increased the expression of SREBP1 (Fig. 6A ), and pretreatment with GW9508 reversed the effect of insulin on SREBP1 expression (Fig. 6B) . Knockdown of FFAR1 diminished the effect of GW9508 on insulininduced SREBP1 expression (Fig. 6C) . Furthermore, confirming that activation of FFAR1 decreased OA-induced lipid accumulation through a p38-dependent pathway, we found that inhibition of p38 with SB202190 blocked the effect of GW9508 on OA-induced lipid accumulation in HepG2 cells (Fig. 6D) . FFAR1 regulated SREBP1 activity through a p38-dependent pathway. HepG2 cells were treated with the indicated doses of GW9508 for 1 h to detect the phosphorylation of p38 (A). HepG2 cells were treated with 10 mM GW9508 and then harvested at the indicated times for the detection of p38 phosphorylation and expression of mature SREBP1 (B). HepG2 cells were transfected with shRNA that targeted FFAR1, and then treated with 10 mM GW9508 for 1 h to detect the phosphorylation of p38 (C). Blockade of p38 phosphorylation by pretreatment with SB202190 inhibited GW9508-induced maturation of SREBP (D). Data were obtained from three individual experiments and expressed as meanGS.E.M. *P!0.05 and **P!0.01 as compared with the control group. # P!0.05 and ## P!0.01 as compared with the GW9508-treated group.
FFAR1 activates p38 through a PLC-PKC-dependent pathway
We further clarified the upstream signal transduction of FFAR1-induced p38 phosphorylation. Treatment with GW9508 immediately phosphorylated PLCg and subsequently activated PKC. RAS proteins then translocated to the cell membrane and further activated p38. In addition, the phosphorylation levels of JNK and ERK1/2 were significantly increased after GW9508 treatment (Fig. 7A ). FFAR1 knockdown diminished the effects of GW9508 on the phosphorylation of PLCg, PKC, and p38, Knockdown of FFAR1 diminished the effect of GW9508 and insulin on hepatic lipogenesis. HepG2 cells were treated with 1 mM insulin and then harvested at the indicated times for the detection of expression of mature SREBP1 (mSREBP1) (A). HepG2 cells were pretreated with 10 mM GW9508 for 30 min, and then treated with 1 mM insulin for 24 h for the detection of the expression of mSREBP1 (B). Cells were tranfected with shRNA targeted to FFAR1, and pretreated with 10 mM GW9508 for 30 min, and then treated with 1 mM insulin for 24 h for the determination of the expression of mSREBP1 (C). HepG2 cells were pretreated with SB202190 for 30 min, and treated with 10 mM GW9508 for another 30 min, and then 0.5 mM OA for 24 h for the detection of the expression of mSREBP1 (D). Data were obtained from three individual experiments and expressed as meanGS.E.M. *P!0.05; **P!0.01; and ***P!0.001 as compared with the indicated groups. FFAR1 regulates p38 activity through a PLC-PKC-RAS pathway. HepG2 cells were treated with 10 mM GW9508 and the protein samples were harvested at indicated times for the determination of protein expression (A). Cells were tranfected with shRNA targeted to FFAR1 and then the protein samples were harvested at 30 min for the determination of expression of proteins (B). HepG2 cells were pretreated with U73122 (1 mM), U73343 (1 mM), chelethyrine (1 mM), or FTS (10 mM) for 30 min, and then treated with 10 mM GW9508 for 30 min for the determination of the expression of the indicated proteins expressions by western blotting analysis (C). mRAS, membrane RAS; cRAS, cytosolic RAS.
and the translocation of RAS (Fig. 7B ). In addition, pretreatment with PLCg (U73122), PKC (chelethyrine), and RAS (FTS) inhibitors reversed GW9508-induced p38 phosphorylation (Fig. 7C) . Furthermore, pretreatment with U73122 inhibited PKC activation and chelethyrine reversed RAS translocation and FTS blocked p38 phosphorylation, indicating that FFAR1 activated p38 through a PLC-PKC-RAS pathway (Fig. 7C ).
Discussion
The prevalence of diabetes is highly correlated with hepatic steatosis (Lewis & Mohanty 2010) . Recent studies had been focused on the therapeutic effects of FFAR1 agonists on diabetes (Hara et al. 2011) . However, the role of FFAR1 in hepatic steatosis was still unknown. To the best of our knowledge, this is the first study to evaluate the effects of FFAR1 agonists on hepatic steatosis. We found that the FFAR1 agonist GW9508 significantly improved HFD-induced hepatic steatosis. In addition, hepatic FFAR1 knockdown diminished the effect of GW9508 on hepatic steatosis. Moreover, activation of FFAR1 decreased OA-induced lipid accumulation in HepG2 cells through a p38-dependent pathway. The MAPK pathway is involved in the biological functions of FFAR1 (Seljeset & Siehler 2012) . FFAR1 activates ERK-MAPK pathway to control the plasticity of the b-cell mass and improve glycemic control (Zhang et al. 2007 ). FFAR1 activates ERK1/2 and p38 through a RAS-dependent mechanism to induce osteocyte apoptosis (Mieczkowska et al. 2012) . In this study, we found that activation of p38 by FFAR1 is also involved in the regulation of hepatic lipogenesis.
The SREBP1 is a basic helix-loop-helix leucine-zippercontaining transcription factor, which is primarily involved in fatty acid synthesis by stimulating expression of the target genes, such as ACC and FAS. The function of SREBP1 is primarily regulated through protein cleavage and gene expression (Xiong et al. 2007 ). In addition, SREBP1 is regulated by the activity of p38 (Xiong et al. 2007) . p38 plays an inhibitory role in hepatic lipogenesis and blockade of p38 leads to hypertriglyceridemia and fatty liver (Xiong et al. 2007) . In this study, we found that FFAR1 regulated lipogenesis by decreasing SREBP1 through a p38-dependent pathway.
In addition to the role of p38 in the regulation of SREBP1, transcription of Srebp (Srebf1) in the liver is also regulated by insulin and glucagon. Insulin activates SREBP1 in liver, thereby increasing fatty acid and triglyceride synthesis (Owen et al. 2012 ). In our previous study, we found that administration of GW9508 to HFD mice decreases the serum insulin levels in a dosedependent manner. Results from a recent study have also indicated that although GW9508 stimulates a transient release of Ca 2C from intracellular Ca 2C stores via activation of PLC, GW9508 inhibits glucose-stimulated insulin secretion by activating KATP channels (Zhao et al. 2013) . Thus, the decrease in insulin levels in response to GW9508 might be involved in the improvement of hepatic steatosis. Although the FFAR1 agonists are applied in the treatment of metabolic diseases, and the therapeutic effects in diabetes have been demonstrated in humans (Kaku et al. 2013 ), the results from animal studies are still very different and obscure. Administration of FFAR1 agonists in diabetic animals improved glucose metabolism, and thus prevented the progression of diabetes (Ito et al. 2013 , Tanaka et al. 2014 . However, results from other studies have indicated that Ffar1-null mice did not show significant changes in glucose metabolism when fed either a chow diet or a HFD (Lan et al. 2008) , and HFD-induced liver steatosis develops in both WT and Ffar1-null mice (Kebede et al. 2008) . This discrepancy between studies may result from the different types of animal models. FFAR1 is an orphan receptor and the identity of its high-affinity endogenous ligand(s) is incompletely resolved, although FFAR1 binds and is activated by a variety of fatty acids. Thus, the physiological role of FFAR1 might not be significantly observable in an FFAR1-knockdown model. In addition, compensatory effects in gene-manipulated animal models might be a mechanism that leads to the lack of differences in glucose metabolism between WT and Ffar1-null mice. In this study, we used a transient gene manipulation model in adult animals by means of lentiviral vector containing shFFAR1, which may decrease the effect of compensation as compared with embryonic FFAR1 knockdown. Also, as FFAR1 is an orphan receptor, direct activation by administration of FFAR1 agonists in animals may be useful for the investigation of FFAR1. However, the details of the mechanisms still need further study.
Taken together, the results presented in this work demonstrate that GW9508 may have a therapeutic effect in regulating hepatic lipid accumulation. Activation of FFAR1 by GW9508 increases the phosphorylation of p38 to regulate SREBP1 and further improves hepatic steatosis. Thus, the potential effects of GW9508 with regard to the treatment of hepatic steatosis in humans deserve further attention in future research.
